The adenovirus type 12 (Adl2)-induced mouse tumor CBA-12-1-T contains > 30 copies of viral DNA integrated into cellular DNA. One of the sites of linkage between the left terminus of Adl2 DNA and mouse DNA was cloned, mapped and sequenced by using conventional techniques. The preinsertion sequence was also cloned from normal CBA/J mouse DNA and sequenced. The sequence data and blotting analyses demonstrated that at the site of linkage nine nucleotide pairs of viral DNA and at least 1500 to 1600 nucleotide pairs of cellular DNA were deleted. Up to the site of linkage, the cellular DNA sequence in CBA-12-1-T tumor DNA and the preinsertion sequence in CBA/J mouse cells were identical. The site of Adl2 DNA integration was found to be located close to a site of transition from unique to repetitive cellular DNA sequences. The nucleotide sequence at the site of linkage and at the preinsertion site revealed palindromic stretcheB of 5 and 10 nucleotides pairs, respectively. Scattered patch homologies (8-10 nucleotide pairs long) were observed between adenoviral and cellular DNAs. A hypothetical model for DNA arrangements at the site of recombination is presented.
Introduction
At least certain aspects of the mechanism of insertion of foreign (viral) DNA into the mammalian genome can be investigated by studying the modes of integration of adenovirus DNA. In previous work, we have used clonal lines of adenovirus-transformed cells or of adenovirus type 12 (Adl2)-induced tumor cells to determine patterns of adenovirus DNA integration in mammalian cells and to gauge the gamut of possibilities for foreign DNA insertion (for reviews 1, 2) . The clonality of the cell lines used facilitates detailed analyses of the sites of adenovirus DNA insertion by molecular cloning and determinations of their nucleotide sequences. This approach, however, forecloses the possibility to include in the study all the recombination events actually occurring, since transformed or tumor cells represent a highly selected cell population. So far, we have elucidated patterns of adenoviral DNA integration in some 70 different transformed cell lines, tumors or cell lines established from these tumors (D. Moreover, we have cloned and sequenced seven sites of junction between adenovirus and cell DNA derived from several different cell systems (2) including the junction from a symmetric recombinant (SYREC2) between Adl2 DNA and human cell DNA (3) . The information presently available (1, 2) does not support the notion that these mechanisms resemble those operational in the insertion of bacteriophage lambda DNA at the att site of E. coli or those envisaged in the insertion of retroviral DNA in avian or mammalian systems. The data available rather indicate that adenovirus DNA can be integrated at many different sites in unique (4, 5, 6 , this report) or repetitive DNA (7) . At the sites of junction, suggestive arrangements of patch homologies have been observed (7) , but in other instances such patches are more difficult to detect or arise only to a minor extent (3, 4) . Secondary structures of DNA at sites of junction may be present as judged from the occurrence of palindromic nucleotide sequences (4, 6, this report), but it is impossible to prove their actual existence and involvement in recombination. In one Ad2-transformed hamster cell line, HE5, insertion of viral DNA was effected without the loss of a single cellular nucleotide (4) . Usually, adenovirus DNA is linked to cellular DNA via its termini. Deletions of viral nucleotides, ranging from 2 to 174 nucleotides (2) , at the sites of linkage appear to be the rule. For a detailed discussion of the properties of all the sites of linkage analyzed so far, see reference
.
We have studied a site of linkage between the left terminus of Adl2 DNA and mouse DNA in the Adl2-induced mouse tumor CBA-12-l-T (8) which carries > 30 copies of integrated Adl2 DNA per cell. The viral genomes are integrated colinearly in a surprisingly simple pattern considering the high copy number. The data described previously suggest integration at probably only one or a few sites (8) . The large copy number of Adl2 genomes was probably generated postintegrationally.
There is evidence that individual Adl2 genomes are inserted in non-tandem arrays.
Comparisons of the nucleotide sequences across the linkage site and at the preinsertion site cloned from normal CBA/J mouse cells reveal an extensive deletion of cellular DNA at the site of integration. Nine nucleotides of viral DNA have been deleted. A palindromic sequence is apparent at the site of insertion which is located in a unique mouse cell sequence.
MATERIALS AND METHODS
Origin of the Adl2-induced CBA/J mouse tumor. The derivation of this tumor and the patterns of Adl2 DNA integration in the tumor CBA-12-1-T were described in detail (8) . Adl2 was injected subcutaneously into newborn CBA/J mice. The tumor analyzed developed 143 days after injection. Extraction of DNA.
DNA was extracted from the tumor or from different organs of 5 to 6 week old CBA/J mice by mincing the tissues in an UltraTurrax homogenizer to single cell suspensions and using the SDSproteinase K-phenol method previously described (9) . RNase treatment of some of the DNA preparations was omitted. Procedures used in molecular cloning experiments. Previously published methods were used (3) (4) (5) (6) (7) . Briefly, the size of the EcoRI-generated Adl2-mouse DNA junction fragment (8) was determined by conventional Southern (10) blotting. This fragment was selected by zone velocity sedimentation on sucrose density gradients and cloned into xgtWES'XB DNA (11) using previously published protocols (6) . The cloned left terminal EcoRI-C fragment of Adl2 DNA was used as hybridization probe. From the cloned EcoRI junction fragment a PstI subfragment spanning the junction site was subcloned into the PstI site of the plasmid pBR322 (12) . The subcloned junction fragment was mapped by conventional procedures using the restriction endonucleases BstNI, Ddel, Hhal, Hinfl. and Mspl. The cloned EcoRI-C fragment of Adi2 DNA served as reference in these mapping experiments.
From normal CBA/J cell DNA the preinsertion site was cloned as an EcoRI fragment in XgtWES'AB DNA using the insert from the cloned junction fragment as hybridization probe. A PstI fragment of the preinsertion site was subsequently subcloned into the PstI site of the plasmid pBR322. Detailed maps of all the clones and subclones mentioned will be presented in Figs. 2 and 3 . Restriction mapping Cloned and subcloned junction fragments were mapped using single and double digestions with restriction endonucleases as outlined above. Moreover, the partial cleavage procedure was employed (13).
Determination of nucleotide sequences The Maxam Gilbert method was used for all sequence determinations (14, 15) . For the display of sequencing ladders 5-14 % po lyacry lamide-8M urea gels were used which were 0.5 mm thick and 0.5 m or 1.0 m long. DNA fragments to be sequenced were isolated from agarose or polyacrylamide gels by the hydroxyapatite procedure (16) and were subsequently 3' or 5' labeled as described (15) and repurified by two cycles of gel filtration on Sephadex G50. In some experiments, ends with protruding 3' termini were labeled by the T4 DNA polymerase-exonuc1 ease functions.
All athei^tachniauea such as Southern blotting (10), nick translation of DNA (17), DNA-DNA (18) or DNA-RNA blot hybridization (19, 20) were described elsewhere.
RESULTS
Integration of Adl2 DNA in the mouse tumor CBA-12-1-T As documented previously (8) and as shown in Fig. 1A , the Adl2-induced mouse tumor contains > 30 copies of integrated viral DNA molecules per cell. This estimate is based on the results of reconstitution experiments (21) using predetermined amounts of Adl2 DNA and 10 ng of CBA-12-1-T DNA. From the patterns of integration determined (reference 8 and Fig. 1 ), it is apparent that the cloned left terminal Hindlll-G fragment of Adl2 DNA hybridizes strongly to two off size bands and weakly to three further bands (Fig. lA-b) . One of the weak bands comigrates with the EcoRl-A band and is due to the right terminal inverted repeat of Adl2 DNA which is recognized by the left terminal Hindlll-G probe. The cloned right terminal BamHI-E fragment as probe anneals with five off size bands of which at least three comigrate with off size bands that are also recognized by the left terminal probe (Fig. lA-c) . These data indicate that the (17) . The EcoRI fragments of Adl2 DNA and their sizes in kilo basepairs (kbp) are indicated. In the reconstitution series of Adl2 DNA 10x, 30x, and 50x refer to 0.26, 0.78, and 1.3 ng of Adl2 DNA, respectively, mixed with 10 iig of salmon sperm DNA before EcoRI cleavage. These amounts are equivalent to 10, 30 and 50 genome copies per cell when 10 |ig of cellular DNA were used. DNA fragments were visualized by autoradiography on Kodak XAR-5 film. The left terminal junction fragment which was cloned was indicated by an arrow. B. Experimental details were similar to the ones described in part A of the legend, except that DNA preparations as indicated were cleaved with Pstl. The following [ 32 P]-labeled hybridization probes were used: Adi2 DNA (a), the left terminal Hindlll-G fragment (b), the right terminal BamHI-E fragment of Adl2 DNA (c) and the insert of the clone X8.3P3 (see Fig. 3 ) containing part of the preinsertion sequence (d). The EcoRI, Pstl, BamHI, and Hindlll maps of Adl2 DNA and the sizes in kbp of the Pstl fragments (A-Q) are indicated. The Pstl map shown here is an improved version in comparison to the one published previously (8) . The analyses of integration patterns have been refined by cutting tumor DNA with PstI and again using the cloned left terminal Hindlll-G (Fig. IB, lane b) or the cloned right terminal BamHI-E fragment (Fig. IB, lane c) of Adl2 DNA as hybridization probe. The results show one major left terminal off size fragment (Fig. IB, lane b) which appears to hybridize also with the right terminal probe possibly due to the terminal repeat (Fig. IB, lane c) . There is one major right terminal off size fragment (Fig. IB, lane c) . The right terminal probe also hybridizes to Pst fragments I, M and P, as expected (see maps Restriction maps of the cloned preinsertion site. The preinsertion site from normal CBA/J cell DNA was cloned as an EcoRI fragment in XgtWES'XB DNA (clone X8.3), and the PstI fragment contained in the former fragment was subcloned in pBR322 DNA (clone X8.3P3). In the latter cloning experiments, the purified insert of clone X4P2 was used as hybridization probe. In the clone A8.3P3, that part of the Hhal-Haelll fragment, which was indicated by arrows, was sequenced (cf. terminal junction site between Adl2 and mouse cell DNA (between 5 kb and 9 kb, band designated by an arrow in Fig. 1A ) was selected by zone velocity sedimentation on a sucrose density gradient. The 6.3 kb EcoRI junction fragment was then cloned by conventional techniques in XgtWES" XB DNA as the vector in clone X4 (Fig. 2) . Subsequently, the PstI fragment comprising the site of junction was subcloned in pBR322 plasmid DNA using the insert of the clone *4 as hybridization probe. The X and pBR322 clones were designated X4 and X4P2, respectively (Fig. 2) . The inserts of these clones were mapped by restriction endonucleases as indicated applying standard techniques (see Materials and Methods). The X4 insert consisted of 0.9 kb mouse cell DNA and the left terminal 5.4 kb EcoRI-C fragment of Adl2 DNA, the X4P2 insert of 430 bp of mouse cell DNA and the left terminal Pstl-C fragment of Adl2 DNA.
Meaningful analyses of the site of Adl2 DNA integration required cloning of the preinsertion site from untransformed mouse CBA/J cells (cf. Fig. 6 ). DNA from kidneys of CBA/J mice was cut with EcoRI, and an 8.3 kb EcoRI fragment was cloned in XgtWES' XB DNA using the [ 32 P]-labeled insert of the X4 junction clone as hybridization probe. This clone was designated X8.3 and was mapped with restriction endonucleases as indicated (Fig. 3 ).
Judging from a comparison of the restriction maps of the cellular parts of the cloned junction fragment (X4P2) and the corresponding segment in the cloned preinsertion sequence (X8.3, Fig. 3 ), these sequences were very similar, probably identical cf. below) up to the site of junction with Adl2 DNA. From the EcoRI preinsertion clone a PstI fragment was subcloned in pBR322
DNA again using conventional methods. The latter subclone was designated X8.3P3 (Fig. 3) 
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Nucleotide sequence at the left terminal site of junction between Adl2 and mouse cell DNA. The nucleotide sequence from the Hspl 6ite in cellular DNA to the left-most Hspl site in Adl2 DNA (nucleotide 143 from the left terminus of virion DNA) was determined. Only part of the viral DNA sequence is shown. It was identical with the published sequence (23, 24) , except that the first 9 viral nucleotides were deleted. In the sequence shown, this deleted sequence wa6 added for comparison underneath the cellular sequence replacing it. A short stemmed loop at the site of junction is also indicated.
between this cellular sequence and the left terminal sequence of Adl2 DNA comprising 8, 9 or 10 nucleotides have been detected (cf. Fig. 8 ). Patch homologies of comparable lengths between viral and cellular DNA at a junction site have been reported earlier (22) . It has also been shown (22) that such homologies occur between adenovirus DNA and randomly selected DNA sequences of pro-or eukaryotic origin.
As mentioned above, the preinsertion site has also been cloned from normal CBA/J mouse cells. Part of the nucleotide sequence from the Hhal site to the Haelll site of the cloned X8.3P3 segment (Fig. 3 , sequence covered by arrows) has been determined. The sequencing strategy is also indicated in Fig. 3 , the nucleotide sequence of the preinsertion sequence and across the actual integration site ( J ) has been presented in Fig. 5 . At the insertion site a palindromic sequence comprising 10 bp with two mismatches can be recognized. The cellular preinsertion sequence is identical with the cellular sequence up to the site of junction (cf . Figs. 4, 5) .
The mojififi^ Cfill DNA sequence at the site of junction-i&-t£r presented only a few times in normal CBA/J mouse cell DNA. How is the cellular DNA, into which Adl2 DNA had been inserted, arranged in the normal mouse genome and how abundantly are these cellular sequences represented in the mouse cell genome? DNA was isolated from kidney or liver cells of normal CBA/J mice and was cut with EcoRI. The fragments were separated by electrophoresis on an 0.5 % agarose gel, blotted (10) and hybridized to the (17) . DNA fragments were detected by autoradiography. The EcoRI fragments of Adl2 DNA and their sizes in kbp are indicated.
[ P]-labeled insert of clone X4P2. The results shown for kidney DNA only (Fig. 6 ) demonstrate that there is one weak band in a size stratum of about 8-9 kb in EcoRI-cut mouse kidney DNA which obviously is homologous to the cellular mouse DNA sequence at the site of junction. This DNA sequence is represented only once per diploid cell (Fig. 6) . zation probes. As demonstrated in Fig. 7 , DNA from normal CBA/J mouse kidney or liver cells or from the CBA-12-1-T tumor was cut with EcoRI, blotted (10 jig per slot) and hybridized to the excised, highly purified, and [ 32 PJ-labeled insert either of the >8.3 EcoRI clone (Fig. 7a, see Fig. 3 for map) or of the X8.3P3 PstI clone (Fig. 7b, see Fig. 3 for map) . Different amounts -corresponding to 10 (lOx) to 50 (50x) genome equivalents per cell baBed on 10 |ig of cellular DNA -of clone X8.3 DNA were treated in the same way and coelectrophoresed and blotted to the same filters as the cellular DNAs (Fig. 7) . These internal standards served to estimate the abundance of certain segments of the cloned cellular DNA at the preinsertion site in mouse cell DNA. EcoRI cut Adl2 DNA was used as size marker.
Whereas the cellular DNA at the immediate junction site appears to be of the unique type (Fig. 6) , the cellular DNA sequence adjacent to the right of that site and extending toward the PstI site (Fig. 3, map of clone X8. 3) occurs > 10 times in normal CBA/J DNA and in the CBA-12-1-T tumor DNA (Fig. 7b) . It is also apparent from the data in Fig. 7b that the same sequence is represented several times at the unoccupied site (upper band) in tumor CBA-12-1-T DNA (Fig. 7b, see also Fig. IB. lane d) . The cellular sequence at the site of junction is also evident (Fig.  7b , track CBA-12-1-T, lower band). In contrast, when the EcoRI insert of the preinsertion site of clone X8.3 is used as hybridization probe, the high abundance of the sequence between the PstI and the right EcoRI sites in clone X8.3 ( Fig. 3) in CBA/J DNA and tumor DNA becomes apparent (Fig. 7a) . We conclude that the abundance of the cellular DNA increases from the immediate junction site (unique) toward the PstI site (10-20 times) and further toward the EcoRI site to the right (several 100 to 1000 times). The approximate map locations of these cellular DNA segments have been schematically summarized in Fig. 7 . Hence Adl2 DNA was integrated into mouse cell DNA in the vicinity of a transition from unique to repetitive DNA sequences. Deletion of Cellular DNA at the site of insertion In cell line HE5 the mode of insertion had been clarified by cloning and sequencing both the right and left sites of junction between Ad2 and cellular DNAs, as well as the internal link of the internally truncated Ad2 DNA molecule (4). Obviously, we had to aim at cloning the right site of junction in the tumor CBA-12-1-T also, and consequently analyzed the pattern of integration as revealed by blot hybridization (Fig. IB) . There was one difficulty to begin with. In contrast to cell line HEJ, which contained only one to a few copies of viral DNA, the tumor CBA-12-1-T carried > 30 copies of Adl2 DNA per cell. Thus, it will be impossible to ascertain that one has indeed cloned the right terminus of that Adl2 DNA molecule whose left end had already been analyzed. Moreover, we can demonstrate that a sizeable deletion of mouse cell DNA has been introduced at the site of Adi2 DNA insertion. By using the cloned left terminal (Hindlll-G) and right terminal (BamHI-E) fragments of Adl2 DNA as hybridization probes, the left and right sites of junction have been identified (Fig. IB) , and based on this analysis, the left terminal junction site has been cloned and sequenced (Figs.  2, 4) . It is also apparent from the data presented in Fig. IB that the PstI insert of the 2.0 kb preinsertion sequence from clone A8.3P3 hybridizes with the PstI fragment at the left site of junction and the unoccupied site in DNA from the tumor CBA-12-1-T (Fig. IB, lanes b and d) , but not at all with the PstI fragment at the right site of junction (Fig. IB, lane c) . Hybridization of the preinsertion fragment with the left site of junction was expected, since this junction fragment had been used as probe in the cloning of the preinsertion site. These results demonstrate that at the site of insertion of Adl2 DNA a sizeable fragment of cellular DNA has been deleted. The PstI preinsertion fragment comprises about 2000 bp (Fig. 3) , hence the deletion must measure at least 1500-1600 bp. The tumor CBA-12-l-T presents the first instance in which a deletion has been documented as a consequence of adenoviral DNA integration. DISCUSSION Cells of the Adl2-induced mouse tumor CBA-12-1-T contain > 30 copies of integrated viral DNA. Restriction analyses using the PstI restriction endonuclease revealed that there is one major site of linkage between both the right and the left termini of Adl2 DNA and mouse cell DNA (Fig. IB) . The inserted viral DNA molecules are not arranged in true tandems, since terminally linked Mspl fragments of authentic sizes have not been detectable (8) . it is unknown at present how that many viral genomes have been accommodated. One model proposes that, initially, one viral DNA molecule is inserted into cellular DNA and that subsequently the integrated viral genome is amplified together with the flanking cellular DNA sequences (l).
We have cloned and sequenced the left terminal junction sequence between Adl2 DNA and mouse cell DNA, as well as the preinsertion (unoccupied) site from normal CBA/J mouse cells.The preinsertion sequence is characterized by a transition from unique to more abundant (represented 10-20 x) to repetitive mouse DNA (Fig. 7) . At the site of insertion a cellular DNA fragment of at least 1500-1600 bp has been deleted (Fig. IB . scheme in Fig. 7) . At the left site of linkage of viral DNA, nine nucleotides are missing. It has been pointed out previously (2) that nucleotides 8 to 10 from the end of adenovirus DNA may represent a frequent site of recombination. This site is located just in front of a consensus sequence shared by all adenoviral DNAs, a sequence that has been shown to be essential in viral DNA replication (25) (26) (27) (28) . Recombination at this site has also been observed in adenovirus type 16 (24, 30) and between both termini of Ad2 DNA with hamster cell DNA in cell line HE5 (4) . Recombination in the tumor CBA-12-1-T between Adl2 DNA and mouse DNA (this report) represents a fourth example in this context.
In cell line HE5 (4), not a single nucleotide of cellular origin has been deleted as a consequence of Ad2 DNA integration. In contrast, deletions of cellular DNA at the sites of insertion of viral DNA have been documented for SV40 DNA (31). Rearrangements or alterations for polyoma DNA (32), as well as deletions for Adl2 DNA in the mouse tumor CBA-12-1-T have also been observed. In comparing results on the analyses of several different sites of linkage between adenoviral and cellular DNAs (for reviews, see references 1, 2), the notion emerges that recombination of adenovirus and cellular DNAs can lead to a considerable variety of phenomena with respect to the structure of the junction site. This variety suggests that recombination may not occur by a rigidly defined mechanism but seems to tolerate variability. Common features in this recombination event, on the other hand, involve recombination at the termini of adenovirus DNA and deletion of terminal viral nucleotides ranging between 2 and 174 bp in the instances examined so far (2). Nucleotide sequence specificities or duplications of cellular nucleotides at the sites of integration have not been Fig. 8 Hypothetical sequence arrangement in recombination complex. This scheme is based on sequence homologies at or close to the site of junction (cf. Fig. 4 ) as determined by computer analysis.
observed so far. This finding does not preclude the possibility that in some instances (7) patchy sequence homologies between viral and cellular DNA can be utilized to stabilize the recombination complex. Cellular DNA was preserved completely (4) or extensive deletions were generated at the integration site (this report). At other sites of junctions, selective amplifications of terminal viral nucleotides (21), deletions and rearrangements (33) or palindromic sequence arrangements (34) have been described. It is impossible to decide at present whether this apparent variability in the structure of junction sites reflects peculiarities of the insertion mechanism or ensues rather as a consequence of postintegrational events.
The functional significance of patch homologies in the recombination events between viral and cellular DNAs has been discussed in earlier reports (7, 22) . It is apparent that such homologies can but do not have to reside in the immediate vicinity of the sites of recombination. Computer analyses of the cellular nucleotide sequence presented in Fig. 4 and the left terminal 2320 nucleotides of Adl2 DNA (23, 24) have revealed patch homologies of 8-10 nucleotides. If one allows for extensive loop formation, stretches of DNA with sequence homologies can be arranged such that a structure arises which is shown in Fig. 8 . We emphasize that this model is purely hypothetical. It demonstrates that sequence homologiea might help to stabilize recombination complexes.
